The nature of the species present on a Ru/Al 2 o 3 catalyst during CO hydrogenation was studied by means of Fourier infrared spectroscopy. Three forms of adsorbed CO were identified, designated as linearly-adsorbed, diadsorbed, and v-bridge 
the band for this species appeared at a lower frequency than that observed for CO chemisorbed in the absence of hydrogen.
At higher temperatures the build up of carbon on the catalyst caused a further shift of the CO bond to lower frequencies and a decrease in the band intensity. Bands attributable to hydrocarbon, formate, and carbonate structures were also observed but these species were ascribed to reaction products absorbed on the support. Chemisorbed CO l1as also been observed as a dominant species in the studies conducted by Ekerdt and Bell (2,3) using a Ru/Sio 2 catalyst. In this work the position and intensity of the CO band were found to be independent of the H 2 /CO ratio or the CO partial pressure. A decrease in the band intensity, unaccompanied by a shift in position, was observed with increasing temperature and was ascriLed to a reduction in the CO coverage. Bands were also observed for hydrocarbon species. These structures could be removed from the catalyst surface by hydrogenation, but did not appear to be intermediates in the synthesis of stable products. Additional observations concerning the hydrocarbon structures formed on Ru/Sio 2 and Ru/Al 2 o 3 catalysts have been presented by King (4, 5) . Strong bands attributable to long-chain saturated hydrocarbon were observed at temperatures below 473K. While the exact point of attachment of these structures could not be defined, it was concluded that the species observed were not intermediates in the formation of gas phase products. At higher temperatures changes in the shape and position of the hydrocarbon band suggested the presence of short-chain species. It was proposed that these species are attached to the metal surface and might be intermediates in the synthesis reaction.
The primary objective of the present investigation was to " characterize more fully the influence of reaction and concentration of the species absorbed on a Ru/Al 2 o 3 catalyst during CO hydrogenation. Fourier transform infrared spectrascopy was used for this purpose, and particular attention was devoted to interpretation of the bands ascribed to chemisorbed CO. Working under conditions chosen to avoid significant catalyst deactivation, three different forms of absorbed CO were identified.
These are designated as linearly-absorbed, di-absorbed, and w-bridge absorbed co. A detailed study was made of the effects of reaction conditions on the position and intensity of the band associated with the linearly-absorbed CO. Based on these observations, estimates were made of the variation in the coverage by this species with CO partial pressure and catalyst ternperature. As a compliment to these studies the kinetics of forming c 1 through c 10 hydrocarbons were examined in detail. The results of these efforts together with a discussion of the mechanism of hydrocarbon synthesis over ruthenium will be presented separately (6) .
EXPERIMENTAL
The 1% Ru/Al 2 o 3 catalyst used for these studies was prepared by absorption of the Ru 6 C(C0) 17 from pentane solution onto
Kaiser KA-201 alumina. Details concerning synthesis of the complex, impregnation of the support and the reduction of the final catalyst are described in references (6, 7) . A 75 mg portion of the reduced catalyst was pressed into a 20 mm by 0.25 mm disk and placed ~nside a small infrared reactor (8) .
Prior to each series of experiments, the catalyst was reduced in flowing H 2 for 10 to 12 hours at 673K and 10 atm. The temperature was then lowered to 498K and a premixed feed, containing H 2 and CO, was introduced at a flow rate of 200 cm 3 /min (NTP).
Ten minutes after reaction had begun, the effluent gas was analyzed by gas chromatography (6) , and the gas feed was switched over to pure H 2 for 1 hour. By alternating short reaction periods and longer reduction periods, a stable catalyst activity could be achieved after several cycles. This procedure also eliminated the build up of large amounts of carbon and the concurrent deactivation of the catalyst. Once a stable catalyst activity had been obtained, reaction conditions were adjusted to those desired for a particular experiment.
Infrared spectra were taken with a Digilab FTS-lOM Fourier transform infrared spectrometer, using a resolution of 4 cm-l
For the observation of steady state phenomena, 100 interferograms, each acquired in about 1. 25 s, were co-added to improve the signal to noise ratio. However, good spectra could also be obtained by co-adding as few as 10 interferograrns. In addition to recording spectra of the catalyst under reaction conditions, spectra were also recorded of the catalyst, following reduction in H 2 , and of a support disk, placed downstream from a catalyst disk, during reaction. The latter two spectra were used to subtract out infrared absorptions due to the support and the gas phase.
RESULTS AND DISCUSSION
Infrared spectra of the catalyst taken under reaction conditions showed bands in two regions, one set appearing between 3200 and 2400 crn-l and another set appearing between The series of peaks occurring between 2300 em and 2060 cm-l is due to gas phase CO. These bands are clearly evident in spectrum e, which was obtained at the conditions of spectrum b using a disk of alumina free of Ru. Both the -1 position and intensity of the band near 2000 em depend on the catalyst temperature. As the temperature increases, the band maximum shifts to lower frequencies and the intensity decreases.
-1
In addition to the major features appearing at 2000 em a broad band can be seen in Fig. 2 , which extends between 1800 Eventually, though, intensity is lost from both the high and low frequency regions of the principle absorption band and from the peak located near 1700 cm-1 . Spectra 2, 3, and 4
in Fig. 4c illustrates these changes.
The relationship between the position of the principle band and the relative integrated absorbance of the band is shown in Fig. 5 .
If it is assumed that the extinction coefficient associated with this band is constant, then the abscissa in this figure is equivalent to a fractional surface coverage. The plot is seen to consist of two distinct branches. While the shift in band position with coverage, observed in the present work is of the same magnitude as that reported for CO adsorption on Ru (001) surfaces (10, 11) , the highest and lowest frequencies observed in the single crystal studies are notably higher than those shown in Fig. 5 . This difference may be due to differences between the physical properties of alumina-supported Ru microcrystallites and bulk Ru metal. It is also possible that at least a part of the difference may be due to the presence of carbon on the surface of the supported Ru, formed by CO disproportionation. Carbon has been found to act as an electron donor and to enhance the back-donation of electronic charge from the metal to the n* orbitals of CO (1).
shifting its frequency downscale. It is significant to note, that while carbon deposition via CO disproportionation has been observed for alumina-supported Ru (16, 17) , no evidence has been reported for the occurrence of this reaction on Ru (100), (001), (101), (110) surfaces studied at low pressures ( 12, (18) (19) (20) (21) .
As was noted earlier, during reaction the band near shows that on a plot of eco versus Pco the data fall along ' straightlines, independent of the H 2 partial pressure.
Consequently, eCO can be described by a Langmuir isotherm of the form (1) where KCO is the effective equilibrium constant for CO adsorption. From the slopes of the lines presented in Fig. 6 it is determined that In the present study the duration of reaction was kept to less than 20 min and the temperature never exceeded 548K,
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in order to avoid extensive catalyst deactivation due to the build up of carbon. As a result, it is believed that the changes in CO band frequency and intensity with temperature shown in Fig. 2 are not due to the accumulation of carbon on the catalyst surface but, rather, to changes in the coverage of linearly-adsorbed CO. The weak peak at 1750 em and the broad peaks at 1700 Relationship between the frequency of the principle carbonyl adsorption band and the coverage by linearly adsorbed CO.
Relationship between eco and Pco during reaction.
Effects of reaction duration on the intensities of 
